Objective-We studied the mechanistic links between fibrocalcific changes in the aortic valve and aortic valve function in mice homozygous for a hypomorphic epidermal growth factor receptor mutation (Wave mice). We also studied myocardial responses to aortic valve dysfunction in Wave mice. Approach and Results-At 1.5 months of age, before development of valve fibrosis and calcification, aortic regurgitation, but not aortic stenosis, was common in Wave mice. Aortic valve fibrosis, profibrotic signaling, calcification, osteogenic markers, lipid deposition, and apoptosis increased dramatically by 6 and 12 months of age in Wave mice. Aortic regurgitation remained prevalent, however, and aortic stenosis was rare, at all ages. Proteoglycan content was abnormally increased in aortic valves of Wave mice at all ages. Treatment with pioglitazone prevented abnormal valve calcification, but did not protect valve function. There was significant left ventricular volume overload, hypertrophy, and fetal gene expression, at all ages in Wave mice with aortic regurgitation. Left ventricular systolic function was normal until 6 months of age in Wave mice, but became impaired by 12 months of age. Myocardial transverse tubules were normal in the presence of left ventricular hypertrophy at 1.5 and 3 months of age, but became disrupted by 12 months of age. Conclusions-We present the first comprehensive phenotypic and molecular characterization of spontaneous aortic regurgitation and volume-overload cardiomyopathy in an experimental model. In Wave mice, fibrocalcific changes are not linked to valve dysfunction and are epiphenomena arising from structurally incompetent myxomatous valves.
I
n patients with either aortic stenosis (AS) or aortic regurgitation (AR), morbidity and mortality accrue from exhaustion of compensatory mechanisms in the left ventricle (LV). 1, 2 Several mouse models of AS have been reported, 3 and myocardial reponses to pressure-overload have been extensively investigated. Mechanisms of volume-overload heart failure are less completely understood. A recent Scientific Statement from the American Heart Association highlighted the absence of mouse models of valvular regurgitation and suggested that discovery of such a model would be useful for understanding the mechanisms by which chronic LV volume-overload leads to heart failure. 4 
See accompanying editorial on page 1554
Epidermal growth factor receptor (EGFR) signaling regulates embryonic formation of semilunar heart valves. 5 Inbred mice homozygous for a single-nucleotide substitution mutation in the gene encoding EGFR are known as Egfr Wa2/Wa2 , or waved-2 (Wave) mice, and have a global 90% reduction in EGFR-tyrosine kinase (tk) activity. 6, 7 Consequently, Wave mice develop histological and functional abnormalities in the aortic valve, which are strongly influenced by background strain, findings which have been interpreted as evidence for aortic valve stenosis. 7 In the present study, we found that AR, not AS, is the predominant functional abnormality in Wave mice. We tested, and rejected, the hypothesis that valve fibrosis and calcification are temporally linked to progression of aortic valve dysfunction. We reported previously that treatment with pioglitazone, a PPAR-γ (peroxisome proliferator-activated receptor gamma) agonist, attenuated valve calcification and protected aortic valve function in hypercholesterolemic mice. 8 In Wave mice, however, although treatment with pioglitazone prevented abnormal valve calcification, it did not protect valve function, findings which do not support a mechanistic link between valve calcification and valve dysfunction in this model. Finally, we report functional, molecular, and
Histological Changes in Aortic Valve
Valve collagen levels, assessed using Masson's Trichrome staining, were normal in Wave mice at 1.5 months of age, but were significantly increased at 6 and 12 months of age ( Figure 1A-1C ). After treatment with pioglitazone, collagen levels, assessed using Pircrosirius Red staining, remained elevated in Wave mice at 6 months of age.
Valve calcification, assessed using Alizarin Red staining, was undetectable in Wave mice and control mice at 1.5 months of age ( Figure 1D-1F) . In Wave mice, valve calcification was significantly increased, compared with age-matched control mice, at 6 and 12 months of age. After treatment with pioglitazone, valve calcification was significantly reduced in Wave mice, compared with vehicle-treated Wave mice.
Lipid deposition, assessed using Oil Red-O staining, was undetectable in Wave mice and control mice at 1.5 months of age. At 6 and 12 months of age, lipid levels were significantly increased in valves from Wave mice compared with control ( Figure 1G-1I ). After treatment with pioglitazone, lipid levels remained elevated in Wave valves.
Levels of proteoglycan in the aortic valve were significantly elevated in Wave mice at 1.5, 6, and 12 months of age ( Figure 1J-1L 
Profibrotic Signaling in the Aortic Valve
Levels of α-smooth muscle actin, which indicate transdifferentiation of valve interstitial cells from a quiescent state to a profibrotic phenotype, were normal in Wave valves at 1.5 months of age. At 6 and 12 months of age, α-smooth muscle actin levels were significantly elevated in Wave valves (Figure 2A-2C ). After treatment with pioglitazone, α-smooth muscle actin levels remained elevated in Wave valves. Levels of the profibrotic signaling molecule, transforming growth factor-β1, were normal in Wave valves at 1.5 months of age, but were significantly elevated at 6 and 12 months of age ( Figure 2D-2F ). After treatment with pioglitazone, transforming growth factor-β1 levels remained elevated in Wave valves.
Phosphorylated homologue of mothers against decapentaplegia-2 (p-Smad2) is a mediator of profibrotic transforming growth factor-β1 signaling. Levels of p-Smad2 were normal in Wave valves at 1.5 months of age, but were significantly elevated at 6 and 12 months of age in Wave mice compared with control mice ( Figure 2G-2I ). After treatment with pioglitazone, p-Smad2 levels remained elevated in Wave valves.
Levels of profibrotic signaling molecules in the aortic valve varied with age and genotype in a pattern that was similar to overall collagen levels in the aortic valve, as shown in Figure 1A -1C.
Osteogenic Transdifferentiation in the Aortic Valve
Osterix and osteocalcin are procalcific signaling molecules produced by osteoblast-like cells (Figure 3 ). Osterix and osteocalcin levels were normal in Wave mice at 1.5 months of age. At 6 and 12 months of age, osterix and osteocalcin levels were significantly elevated in Wave mice compared with control mice. After treatment with pioglitazone, osterix and osteocalcin levels in the aortic valve were not significantly different from age-matched control mice. Thus, changes in osterix and osteocalcin with age and genotype were similar to the pattern for overall valve calcification shown in Figure 1D -1F.
Proteoglycans in the Aortic Valve
Intact versican, a proteoglycan that modulates properties of semilunar heart valves, 9, 10 was increased in aortic valves from Wave mice at 6 months of age ( Figure 4 ). Cleaved versican, a product of enzymatic breakdown of intact versican, was 
Cell Death in the Aortic Valve
Expression of activated caspase-3, a marker for programmed cell death, was not increased at 1.5 months in Wave valves ( Figure II in the online-only Data Supplement). However, at 6 and 12 months of age, there was a large increase in activated capase-3 levels in Wave mice compared with control mice. Increased apoptosis in Wave mice, at 6 months of age, was confirmed using terminal deoxynucleotidyl transferase dUTP nick end labeling staining ( Figure III in the online-only Data Supplement). Pioglitazone prevented increases in activated caspase-3 and terminal deoxynucleotidyl transferase dUTP nick end labeling staining in Wave mice.
There was no difference between sexes for any histological parameter in the aortic valve (P=NS for male versus female, data not shown).
Aortic Valve Function
Representative valve function data are shown in Figure 5 . A significant transvalvular gradient was observed, even when AS was not present in the Wave mouse with AR.
Aortic cusp separation (ACS) was normal in Wave mice, as a group, at all ages ( Figure 6A ). In 3 of 55 Wave mice, however, ACS was <0.66 mm, which indicates that those 3 mice had hemodynamically important AS 12 ( Figure 6B ; P=NS versus control for AS prevalence). M-mode echo images only right and noncoronary aortic valve cusps. To address the hypothetical possiblilty that significant stenosis occurs in the left cusp, we performed Anatomic M-mode imaging on 7 additional Wave mice and found that aortic cusp movement was symmetrical ( Figure IV in the online-only Data Supplement), supporting the validity of standard M-mode measurements in the larger group of Wave mice. All 3 mice with severe AS also had severe AR with diastolic prolapse of ≥1 valve cusps into the left ventricular outflow tract (Video SV1 in the online-only Data Supplement; legend for SV1 is included in the onlineonly Data Supplement).
The prevalence of moderate or severe AR, assessed using color Doppler echocardiography, was 70%, 81%, and 73% in Wave mice at 1.5, 6, and 12 months of age, respectively, and 0 in control mice (P<0.05 for all ages, Figure 6C ). Aortic valve regurgitant fraction, quantitated at 6 months of age using MRI, was 0.34±0.07 for all Wave mice versus 0±0.03 for control mice (P<0.05; Figure 6D) . In instances where echocardiography demonstrated moderate or severe AR, MRI confirmed abundant diastolic retrograde flow across the aortic valve (Video SV2 in the online-only Data Supplement; legend for SV2 is included in the online-only Data Supplement), and regurgitant fraction was 0.46±0.06. For all mice without echocardiographic evidence of moderate or severe AR, regurgitant fraction was 0.06±0.03 (P<0.05 versus mice with AR; Figure  V in the online-only Data Supplement). Mitral regurgitation, assessed using color Doppler echocardiography, was absent or trivial in all mice. One Wave mouse, which had severe AR, also had mild pulmonic valve regurgitation observed on MRI.
Despite the presence of normal ACS, there were substantial systolic pressure gradients across the aortic valve in Wave mice, assessed using invasive hemodynamic measurements ( Figures 5H and 6E) . The increased transvalvular gradients were associated with increased aortic pulse pressure ( Figure 6F ), a finding consistent with AR, and not AS. In mice without AS, there was a remarkable quadratic relationship between left ventricular stroke volume and transvalvular systolic gradient ( Figure 6G ). Because the magnitude of increased LV stroke volume is determined by severity of AR, the correlation between stroke volume and systolic gradient implies that the gradient is produced by AR. Indeed, there was no correlation between ACS and transvalvular gradient ( Figure 6H ).
Although treatment with pioglitazone prevented abnormal valve calcification, pioglitazone had no effect on ACS or prevalence of moderate or severe AR ( Figure 6A and 6C ).
Proximal Aorta
Aortic diameters measured using echocardiography at the level of the sinuses of Valsalva and at the level of the proximal ascending aorta were increased in Wave mice versus control mice at all ages ( Figure VIA and VIB in the onlineonly Data Supplement). Aortic enlargement was present at 1.5 months of age in Wave mice, even when AR was absent, which suggests genotype-related abnormalities in the aortic wall. Saccular or fusiform aneurysmal dilatation of the aortic root was not observed in any mouse. Increased expression of the proinflammatory injury response mediator Smad3, a transforming growth factor-β1 response element, has been linked to increased incidence of aortic aneurysm in humans. 13 We found that expression of Smad3 and also the anti-inflammatory mediator, Smad7, were not significantly increased in aorta of Wave mice ( Figure VIC and VID in the online-only Data Supplement).
Ventricular Size and Systolic Function
There was significant LV chamber enlargement, consistent with volume overload, in Wave mice with AR at 1.5, 6, and 12 months of age ( Figure 7A ). After treatment with pioglitazone, LV end-diastolic volume remained elevated in Wave mice.
LV stroke volume was significantly increased in Wave mice at 1.5, 6, and 12 months of age ( Figure 7B ). At 1.5 months of age, end-diastolic volume and stroke volume were not increased in the 30% of Wave mice that did not have AR (P=NS versus control, data not shown). After treatment with pioglitazone, LV stroke volume remained elevated in Wave mice. LV mass, indexed to body mass, was elevated in Wave mice at 1.5, 6, and 12 months of age ( Figure 7C ). After treatment with pioglitazone, LV mass remained elevated in Wave mice.
LV ejection fraction was normal in Wave mice at 1.5 and 6 months of age, but was significantly decreased by 12 months of age ( Figure 7D ). In Wave mice with AR, LV mass, LV enddiastolic volume, and LV ejection fraction were similar in males versus females at 6 months of age. By 12 months of age, there was a trend toward greater LV dilation and lower LV ejection fraction in females. The trend did not achieve statistical significance, however, possibly because of greater variance at later stages of disease (P=NS for male versus female, for each age, data not shown.) Right ventricle ejection fraction, quantitated at 6 months of age using MRI, was significantly decreased in Wave mice versus control ( Figure 7E ).
In summary, LV volumes and mass were increased in Wave mice at all ages, including the youngest age when valve collagen, calcification, and lipid levels were normal (Figure 1 ). LV systolic function was normal, despite high prevalence of moderate or severe AR, at 1.5 and 6 months of age, but was abnormal at 12 months of age. 
Myocardial Gene Expression

Organization of Myocardial Transverse Tubules
To examine structural changes in individual cardiomyocytes in this model of valvular volume overload cardiomyopathy, we focused on transverse tubules (TT). At 1.5 and 3 months of age, when Wave mice demonstrated LV hypertrophy and normal LV systolic function, TT organization was normal in Wave mice (Figure 8 ). At 12 months of age, when both LV hypertrophy and systolic dysfunction were present in Wave mice, TT organization was significantly disrupted.
Discussion
For the first time, we provide comprehensive functional, histological, and molecular characterization of spontaneous valvular volume overload cardiomyopathy in a mouse model. overload is associated with increased expression of fetal myocardial genes, progressive impairment of LV systolic function, myocyte TT disruption, and myocardial fibrosis.
Others have reported fibrosis, calcification, and elevated transvalvular gradients in aortic valves of Wave mice and have interpreted the results as indicative of calcific AS. 7 We provide multiple lines of evidence, which indicate that AS is rare in Wave mice and that AR predominates. ACS is normal in Wave mice, as a group, at all ages. Color Doppler and 2D echocardiography clearly depict AR and increased LV stroke volume, respectively, in Wave mice. MRI demonstrates abundant retrograde diastolic flow across the aortic valve and regurgitant volumes, which confirm the presence of moderate or severe AR in Wave mice. Systolic gradients across the aortic valve, assessed using invasive hemodynamic methods, follow a predictable quadratic relationship to LV stroke volume, which indicates that increased flow across the valve, not stenosis, accounts for elevated valve gradients in the vast majority of mice. Excluding 3 of 55 Wave mice in which echocardiography identified significant AS, there was no correlation between aortic valve pressure gradients and systolic ACS. LV-to-aorta pressure gradients were higher in Wave mice than those typically observed in humans with pure AR. We speculate that this apparent disparity arises because normal LV systolic function is relatively hyperdynamic in mice (EF≈0.80) compared with humans (EF≈0.55).
Our findings are unique because aortic valve fibrosis, profibrotic signaling, valve calcification, osteogenic transformation, and increased transvalvular pressure gradients are all features of acquired aortic valve stenosis in mice and humans and together are often proffered as pathognomonic evidence for the disease. Indeed the levels of fibrocalcific changes in Wave mice actually exceed those previously reported in aortic stensosis-prone mice. 15 Our findings in Wave mice, however, support the conclusion that abundant valve calcification and fibrosis alone are not sufficient to cause prevalent hemodynamically important AS in mice.
Others have observed, anecdotally, spontaneous AR in mice, putatively in the presence of AS. 5, 16, 17 However, the prevalence, quantitative severity, structural mechanism, and the impact of spontaneous chronic AR on ventricular morphology, function, myocyte structure, and gene expression have not previously been reported.
Mechanisms of Valve Dysfunction
In the present study, we identify myxomatous structural incompetence and consequent diastolic prolapse of valve cusps as major mechanisms of AR in Wave mice. Those findings are common in humans with isolated AR. 18 Deficiency of proteoglycan breakdown occurs postnatally in Wave mice, a novel finding of the present study. Despite significant increases in polymeric intact versican, levels of cleaved versican are reduced in Wave mice at 6 months of age. Expression of ADAMTS5, an enzyme known to cleave versican, 9 was reduced in Wave mice. Expression of the gene encoding versican core protein was not increased, further supporting a post-transcriptional mechanism for proteoglycan excess in Wave valves. Preliminary findings indicate that biglycan, another valve proteoglycan, was not increased in Wave valves. Together, the findings indicate that proteoglycan remodeling is selectively dysregulated in postnatal Wave mice. The findings may have translational implications because the presence of postnatal proteoglycan dysregulation suggests a potential therapeutic target.
Lipid Deposition
Prior studies have demonstrated electrostatic affinity of tissue proteoglycans for circulating lipoprotein particles, a putative early stage of atherosclerotic lesion formation. 19 We speculate that the persistent excess of proteoglycans in the aortic valve in Wave mice may bind blood pool lipoprotein particles by similar interactions, resulting in lipid deposition in Wave valves. That speculation is supported by the observation that lipid deposition was almost exclusively observed in Wave aortic valve cusps and their attachment sites, where proteoglycans are abundant, but not in valve annulus or myocardium ( Figure 1H ). The finding may have clinical relevance because lipid deposition is an early finding in humans with aortic valve disease. 20 
Valvular Cardiomyopathy in Wave Mice
Changes in LV morphology and function, paired with changes in myocardial gene expression and TT organization, reflect a longitudinal pattern of adaptation, then decompensation, in the presence of volume overload in Wave mice. In rats with traumatic acute AR, increased expression of some fetal genes and collagen isoforms occurs early and persists essentially unchanged for months. 21 Our findings in Wave mice with spontaneous chronic AR differ somewhat in that increased expression of fetal genes is progressive over 12 months, and myocardial expression of collagen-1,3 is normal during the early period of LV compensation in the presence of volume overload. Our findings thus dissociate upregulation of myocardial collagen isoform expression from volume overload per se, a novel finding.
Cardiomyocyte TT critically regulate excitation-contraction coupling by facilitating Ca 2+ release from sarcoplasmic reticulum. TT disruption exacerbates disease progression from hypertrophy to heart failure. 22 Strategies designed to inhibit or reverse the process of TT disruption can attenuate the transition to left ventricular systolic dysfunction. 23 In experimental left ventricular pressure-overload hypertrophy, TT disruption occurs before the onset of LV systolic dysfunction, 22 suggesting that TT disruption is an inherent component of myocyte remodeling in response to hemodynamic stress. In Wave mice, however, TT organization was preserved in the presence of volume-overload hypertrophy for a period of at least 3 months and did not become disrupted until the development of contractile dysfunction. Wave mice at 1.5 and 3 months of age demonstrated similar severity of LV hypertrophy (≈50%) to that reported previously in pressure-overload. 22 Thus, we report a new finding with fundamental mechanistic importance: unlike pressure-overload LV hypertrophy, TT disruption is not an inherent feature of left ventricular hypertrophy induced by volume overload hemodynamic stress, but occurs during the transition to heart failure in Wave mice with AR. Future studies, using techniques which overcome the limited resolution of light microscopy, 24 may reveal disturbances within individual TT that occur in volume-overload left ventricular hypertrophy and heart failure. EGFR-tk signaling is trophic for LV myocardium, as overexpression produces cardiomyocyte enlargement and increased LV mass, 25 whereas EGFR-tk deficiency results in LV wall thinning and decreased contractility. 26 EGFR-tk activity is decreased ≈90% in Wave mice. We found neither wall thinning nor impaired LV contractility in young Wave mice. The findings indicate that residual EGFR-tk activity in Wave mice is sufficient to prevent overt cardiomyopathy in the absence of volume overload. Our findings of LV hypertrophy in Wave mice at all ages, and preserved LV contractility until older age, argue strongly against a predominant effect of myocardial Wave genotype. Nevertheless, EGFR deficiency may modulate some aspects of LV responses to volume overload, possibly blunting the hypertrophic response.
Limitations
The most obvious histological abnormality in young Wave mice is overabundance of proteoglycan in valve tissue, a finding which is common in patients with AR. We provide evidence for temporal association between proteoglycan excess and valve dysfunction, but cannot conclusively determine whether this association indicates causality or is an epiphenomenon arising from other, as yet uncharacterized, abnormalities of valve matrix. A previous study indicated that valve abnormalities ascribed to EGFR-tk deficiency, including proteoglycan overabundance, are strongly influenced by background strain in mice, 7 suggesting the possibility of modifiers of valve homeostasis that could serve as therapeutic targets.
Conclusions
There are several novel findings in this study which challenge current paradigms of fibrocalcific aortic valve disease. Valve fibrosis, calcification, lipid accumulation, and apoptosis are common features of AS in humans and mice and are putative targets for therapeutic intervention. Here we report that, even when those features are present, AS is uncommon in Wave mice, ≤12 months of age. Treatment with pioglitazone prevented valve calcification in Wave mice, but did not protect valve function, confirming further the dissociation between valve calcification and valve function. We speculate that fibrocalcific changes in the aortic valve reflect a response to injury arising from mechanical stresses on structurally incompetent valve cusps.
Our findings reinforce the importance of comprehensive characterization of aortic valve function in vivo, when assessing the therapeutic efficacy of interventions designed to protect or improve valve function. Because phenotypic mechanisms of AR in Wave mice resemble those observed frequently in humans, a targeted search for abnormalities of EGFR-tk signaling in humans with isolated AR may be warranted.
